The tumour suppressor protein p53 (tp53) is expressed in most major types of solid tumours and haematological malignancies. Unfortunately, the p53 gene is mutated in∼50% of all p53^+^ human solid tumours. These tumours can express constitutively high levels of their mutant p53 due to a lack of feedback control of p53 protein levels ([@bib22]; [@bib19]; [@bib23]). Mutations are concentrated within the p53 DNA-binding domain of ∼200 amino acids, a domain that is central to the function of p53 as a transcription factor ([@bib6]; [@bib23]; [@bib30]).

Strategies for restoration of p53 functions in tumours have focused on targeting wild-type p53 with the aim of protecting p53 from degradation by a major endogenous regulator, HDM2, a ubiquitin protein ligase that suppresses the transcriptional activity of p53 and accounts for a majority of p53 ubiquitination and subsequent proteosomal degradation ([@bib33]; [@bib29]; [@bib3]).

A small molecule or peptide targeting overexpressed mutant or wild-type p53 in cancer cells should not affect wild-type p53 in normal cells because wild-type p53 is properly folded and expressed at low levels kept in check by HDM2. As mutant p53 is already activated in tumour cells, downstream pathways regulated by p53 are likely to remain intact. We therefore suggest that restoration of p53 function should have a therapeutic effect at any point in tumour development without an adverse effect on normal cells.

The cupredoxin family of copper containing, redox proteins represents a new and significant platform of potential anticancer agents ([@bib36]; [@bib21]; [@bib38]; [@bib39]; [@bib8]). Amino acids 50--67 (p18) of azurin, a cupredoxin secreted by the opportunistic pathogen *Pseudomonas aeruginosa,* is the protein\'s transport domain. This discrete, amphipathic *α*-helical motif is responsible for the preferential penetration of azurin into human cancer cells ([@bib16]; [@bib31]). As such, it acts as a cell-penetrating peptide ([@bib31]). The preferential penetration of cancer cell lines exhibited by azurin and p18 is also shared by p28, amino acids 50--77 of azurin. After entry, p28 is processed to the nucleus ([@bib31]; [@bib37]), where it binds to a hydrophobic, non-mutable region within the DNA-binding domain of p53 and inhibits proteasomal degradation via an HDM2-independent pathway. This results in an increase in intracellular levels of wild-type and mutant p53 as well as its DNA-binding activity ([@bib37]; [@bib5]) and elevates the cyclin-dependent kinase inhibitors p21 and p27. These proteins, in turn, reduce the level of CDK2 and cyclin A1 and induce cell cycle arrest at G~2~/M ([Figure 1](#fig1){ref-type="fig"}) ([@bib37]).

Preclinical pharmacological studies of p28 provided significant evidence for efficacy without attendent toxicity or immunogenicity ([@bib17]) and prompted its entry into a clincial trial. The primary objective of this first-in-human, phase I, accelerated dose study was to determine the No Observed Adverse Effect Level (NOAEL) and maximum tolerated dose (MTD) of intravenous p28 given three times per week for 4 weeks in adult patients with p53-positive advanced solid tumours. Secondary objectives included establishing an appropriate dose for phase II studies, obtaining a pharmacokinetic profile, determining potential immunogenicity and if possible assessing preliminary antitumour activity.

Here we present safety, efficacy, and pharmacokinetic results from a phase I study of p28 in patients with p53+ advanced solid tumours, including one locoregionally advanced melanoma.

Patients and methods
====================

Study design and endpoints
--------------------------

The primary objective was to determine the MTD and dose-limiting toxicity (DLT) of p28 (NSC 745104), a novel synthetic amino-acid peptide fragment of the cupredoxin azurin. The secondary objective was to assess pharmacokinetics and p28-induced immunogenicity in the study volunteers and additionally, if possible, to determine preliminary efficacy of p28 in these patients.

The trial used an enhanced accelerated titration design ([@bib28]; [@bib35]; [@bib34]; [@bib2]), specifically an open-label, two-centre, single arm, phase I trial employing a three-plus-three dose-escalation design. The study design and number of patients entered at each dose level is illustrated in [Figure 2](#fig2){ref-type="fig"}. Patients were sequentially enrolled to receive p28 administered as an i.v. infusion over 15--30 min three times per week for 4 weeks followed by a 2-week rest period. Subjects were enrolled in groups of three, each starting at one of five progressively higher dosage groups (i.e., 0.83 mg kg^−1^, 1.66 mg kg^−1^, 2.5 mg kg^−1^, 3.33 mg kg^−1^ or 4.16 mg kg^−1^). The first group of three subjects received the starting dose of 0.83 mg kg^−1^ (10 mg kg^−1^ total dose), which was chosen to provide a 12-fold safety margin based on the highest dose tested in Cynomolgous sp. monkeys and exhibited significant preclinical efficacy against p53-positive xenograft tumours of similar type ([@bib17]). Continuing patients then advanced to dose level 2 (1.66 mg kg^−1^) and three additional patients were added and began treatment at that dose; this same procedure was followed with each subsequent dose level (i.e., 2.5, 3.33, or 4.16 mg kg^−1^). All cumulative doses were within or above the levels for preclinical efficacy. Patients were treated and followed according to the protocol requirement or unacceptable toxicity or consent withdrawal.

Approval for the trial was obtained from FDA (IND 77754) and the institutional review boards of two participating institutions. The study followed good clinical practice guidelines (<http://www.clinicaltrials.gov> identifier: NCT 00914914). All 15 patients provided written informed consent.

Patient selection
-----------------

Adult patients aged⩾18 years with histologically or radiologically proven advanced solid tumours of diverse histogenesis and a possible life expectancy of ±6 months were deemed suitable for entry into this study.

Major inclusion criteria included: histologically proven solid tumour disease with documentation of measurable metastatic disease as defined by RECIST 1.1 ([@bib13]); p53-positive tumours (primary or metastatic) proven by ICH (\>10% of positive nuclear staining of the malignant cells); failure of prior standard treatments (chemotherapy and/or immunotherapy trials); distant metastatic disease or extensive regional disease deemed untreatable by either surgery, radiation therapy or chemotherapy or any of the combinations; a minimum of 4 weeks elapsed since completion of any form of prior therapy; adequate baseline organ function; adequate cardiac and pulmonary function. An exception of the prior therapy criteria was allowed for two metastatic melanoma patients who had previously refused to enter into any other extant clinical trials.

Adequate baseline organ function was assessed within 30 days before study entry. These included a granulocyte count \>1500 per mm^3^, haematocrit \>30%, and platelets \>100 000 per mm^3^; calculated creatinine clearance \>50 ml min^−1^, adequate liver function with SGOT, SGPT, LDH, and alkaline phosphatase \<3 × the upper limit of normal; serum bilirubin \<2.0 mg dl^−1^, PT and PTT not more than 1.5 times the upper limit of normal and adequate cardiac and pulmonary function. Patients with decreased LVEF or PFTs were evaluated by a cardiologist or pulmonologist before enrolment.

Major exclusion criteria included: patients undergoing chemo or immunotherapy, that is, cytokines and vaccines; p53-negative primary or metastatic tumour(s); any serious additional illness (HIV, hepatitis, untreated active infection or psychiatric illness that would prevent informed consent); any serious medical disorder (i.e., cardiovascular, insulin resistant diabetes, etc.); and concomitant brain metastases.

All questions regarding concomitant medications were referred to the study investigators. The following drugs and therapies were excluded during the study: hormonal therapy, chemotherapy, radiation therapy other than local for control of pain or for alleviation of neuropathy associated with metastases localised to spinal cord, any form of vaccine treatment for malignancy, mega dose vitamin therapy, and herbal medication.

The following immunocytochemical method was used to determine tumour p53 expression. Representative tissue sections of the patient\'s primary or metastatic tumour were stained for p53 status using a monoclonal antibody to p53 ([@bib40]) (DO-1, sk-126; Santa Cruz Biotech Inc., Santa Cruz, CA, USA) and visualised by biotinylated secondary antibody and ABC kit (Vector, Burlingame, CA, USA). Sections were counterstained with hematoxylin to identify tumour morphology. Ten separate areas from tumour slide were evaluated for p53-positive cells (minimum 1000 tumour cells counted for statistical analysis). All slides were evaluated by two independent pathologists without prior knowledge of patient status. Only cells with nuclear staining for p53 were considered positive; for a tumour to be classified as p53 positive, more than 10% of cells analysed (minimum 1000 cells counted) had to be considered p53 positive. For standard histology, 5 *μ*m paraffin sections were stained with hematoxylin and eosin, and in some instances several other routine immunostains were also used.

Assessments
-----------

To determine the MTD, the trial design incorporated patients already in the study who previously received p28 and added three new patients at each level, until either the highest proposed dose was reached with no Grade 3 non-haematological or Grade 4 haematological toxicity or one-third of the patients experienced a Grade 3 non-haematological or Grade 4 haematological toxicity. In the former case, the preselected highest dose was to be considered as the MTD. In the latter case, that is, if one-third or more patients experienced Grade 3 non-haematological or Grade 4 haematological toxicity, the trial was to switch to standard design, that is, three new patients will be recruited at the next lower dose level.

Dose-limiting toxicity was defined as any of the following AEs attributable to the study drug that occurred during the first cycle of each treatment: grade 3 or more non-haematological toxicity, excluding alopecia and diarrhoea, nausea/vomiting in the absence of optimal prophylactic/supporting treatment; grade 4 thrombocytopenia or (any grade) requiring transfusion; anaemia lasting more than 7 days; febrile neutropenia (grade 3 or 4); or grade 4 neutropenia lasting more than 7 days.

Incidence and severity of AEs were collected at each study visit and graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 3 ([@bib32]). Patients were evaluated with history, physical exam, vital signs, CBC, chemistries, urinalysis, and Eastern Cooperative Oncology Group (ECOG) performance status at baseline, weekly through 4 weeks of treatment and following a 2-week rest period before entering the next dose level.

Tumour status was assessed by CT CAP before and at week 5 of each treatment cycle. The Best Objective Response of p28 administration on the identified target lesions was measured according to RECIST 1.1 ([@bib13]). When accessible, the target tumour was excised and standard histological studies were performed to assess the effect of p28. After study closure, measurement of target lesions was obtained from the scans performed by the treating physicians in the surviving patients. All tumour scans were retrospectively independently reviewed by a panel of independent radiologists who did not participate in the study.

Pharmacokinetic analysis
------------------------

Bulk cGMP p28 was supplied by CS Bio Inc. (Menlo Park, CA, USA) and packaged as 50 mg sterile sealed vials with 5% sucrose by the NCI Division of Cancer Treatment under RAID grant NSC 745104. Blood samples were collected from the opposite arm. Serum was promptly harvested by centrifugation (1300 **g**, 4 °C, 10 min) and stored at −70 °C or less until assayed. Serum levels of p28 were determined from samples (collected pre-dose and at 5, 10, 20, 30, 60, and 120 min post dose on day one of each treatment cycle as well as pre-dose and 10 min post-dose once weekly thereafter) using a validated liquid chromatography tandem mass spectrometry assay with a lower limit of quantification of 20 ng ml^−1^ ([@bib15]; [@bib17]). Individual patient plasma concentration--time data for each dose of p28 were analysed by standard non-compartmental methods. The maximum concentration of drug in plasma (*C*~max~) was based directly upon the actual assayed values of the study samples.

Statistical methods
-------------------

All 15 patients received at least one full dose level (i.e., 12 doses) and are included in the safety analysis. These patients had one or more target lesions as defined by RECIST 1.1 and are included in the analysis of best objective response. All data in the p28 concentration--time plot in patients receiving increasing dose levels are presented as mean±s.e.m., and pharmacokinetics parameters of p28 in each patient were analysed by standard non-compartmental methods ([@bib15]; [@bib17]). Survival of individual patients was measured from the date of first p28 treatment until death from any cause or last follow-up ([@bib27]).

Results
=======

Patient characteristics
-----------------------

Thirty-three patients (33) with advanced solid tumours with diverse diagnoses were screened, out of which 23 (70%) were positive for p53. Seventeen of the p53-positive patients were entered into the trial and two of these were withdrawn from the study due to inability to keep appointments, resulting in a total of fifteen patients who completed the trial. The other 16 screened patients were not eligible: 3 for concurrent brain metastases, 10 for testing p53-negative (i.e., \<10% nuclear staining), and 3 for failing inclusion criteria.

The 15 patients with progressive, refractory, or recurrent solid tumours (7 melanoma, 4 colon cancer, and 1 of each of the following: soft tissue sarcoma; GIST, that is, gastrointestinal stromal cell tumour; prostate cancer; and pancreatic cancer) were enrolled between 27 April 2009 and 18 March 2011, at which time enrolment was closed.

All patients received at least one dose level of p28 i.v. as a short infusion 3 × per week for 4 weeks (followed by 2 weeks of rest) for a minimum total of 12 doses. Of the 15 patients, 8 (53%) received more than one dose level of therapy. Of those, three patients received two dose levels, three received three dose levels, and two received four dose levels, allowing assessment of long-term tolerability of p28.

All participants were followed for the duration of their participation in the study (minimum 6 weeks) until death (a range of 7--71 weeks). The data on the three still living patients is current as of 4 December 2012. Patient demographics and clinical characteristics are detailed in [Table 1](#tbl1){ref-type="table"} and disease state and prior treatment in [Table 2](#tbl2){ref-type="table"}.

Dose-limiting toxicities, MTD and adverse events
------------------------------------------------

The MTD was above the highest single (50 mg per kg total dose) and cumulative (140 mg per kg total dose; levels 2--5) doses studied. p28 did not elicit an antibody response in any patient during and following completion of the clinical trial ([Figure 3](#fig3){ref-type="fig"}).

There were no adverse laboratory events attributable to p28 by NCI Common Toxicity Criteria ([Table 3](#tbl3){ref-type="table"}). Consequently, the NOAEL was above the highest dose studied.

Antitumour response
-------------------

All 15 patients were evaluable for survival and response to the target lesions during their participation in the trial and follow-up. Best objective responses as defined by RECIST 1.1 ([@bib13]) of the target lesions during the course of the trial included one patient with a complete response, three patients with partial response, and seven patients (46%) with stable disease.

[Figure 4A](#fig4){ref-type="fig"} illustrates the best objective response of target lesions by patient during the entire trial period; waterfall plot analysis was used to illustrate response for each patient ([@bib18]; [@bib14]). Examples of target lesions in two living patients are shown in [Figures 4B and C](#fig4){ref-type="fig"} (CT scans of the head) and [Figures 4D--F](#fig4){ref-type="fig"} (complete regression of an intramuscular nodule before and after p28 treatment). [Figure 4G](#fig4){ref-type="fig"} shows a (pre-resection) post-study metastatic cancer recurrence.

Survival
--------

As of 4 December 2012, median overall survival was 28 weeks. With the exception of still living patients, patients exhibiting partial response during the trial survived for a range of 44--71 weeks, those exhibiting stable disease survived 7--32 weeks, and those exhibiting PD survived 12--32 weeks. Three patients (right three columns on [Figure 5](#fig5){ref-type="fig"}) showed best objective response of stable disease according to RECIST 1.1 guidelines during the trial period but survived only 7--10 weeks. Although a goal of the inclusion criteria was to select patients with anticipated 180 days survival, retrospective reviews of large phase I groups have demonstrated that up to 20% of patients die within the first 90 days of oncology phase I trials ([@bib4]; [@bib25]; [@bib7]), as was the case with this trial.

Although overall survival was not one of the parameters identified as a goal of this trial, nevertheless it is of note that 3 of 15 patients (20%) of the patients are still living since the completion of the trial on 8 March 2011. One of the three (a melanoma patient) has been living for 158 weeks (3 years) after receiving dose levels 2--5 during the trial, without any additional melanoma related treatment, and remained in complete response for 139 weeks until 23 July 2012 when cancer in the proximal ilium (a polypoid metastatic lesion, the form most common in the GI tract)([@bib12]) recurred, which was then resected. One other metastatic melanoma patient has survived and been living with relatively stable disease for 140 weeks (2.7 years). A patient with metastatic colon cancer has been living for 110 weeks (2.1 years) and had stable disease for 61 weeks until disease progressed on 28 December 2011. Survival for each patient with number of dose regimens they have received is shown in [Figure 5](#fig5){ref-type="fig"}.

Pharmacokinetics
----------------

Plasma samples were collected from all patients, but only 14 patients had adequate data for pharmacokinetic modelling at all dose levels (e.g., the level of p28 from one patient at dose level 1 was under the detection limit for the assay). At least 3 patients were sampled at each remaining dose level. [Figure 6](#fig6){ref-type="fig"} represents the plasma concentration--time plot for p28 during day one of each dose level. In [Table 4](#tbl4){ref-type="table"}, the pharmacokinetic parameters in relation to p28 dosage are summarised. Maximum concentration, AUC~last~ (h μg per ml) and *t*~1/2*γ*~ (h) increased with the actual p28 dosage administered over the dosage range studied. The mean p28 half-life (*t*~1/2~), was 0.09 h (range 0.054--0.107 h). However, plasma clearance was maximal (1294 mg kg^−1^ per hour; range 1126--2294 mg kg^−1^ per hour) at dose level 3 as was the volume of distribution (529 ml kg^−1^; range 366--874 ml kg^−1^). No accumulation or alteration in distribution was observed in patients with repeat studies, which was expected given the short half-life and rapid plasma clearance of p28.

Discussion
==========

The accelerated titration study design described here is somewhat different than the traditional phase I trial design, wherein 3--6 patients are usually enrolled in each dose level. In our design, this feature is preserved---there are three new patients at each dose level. But to maximise each patient\'s chance to be treated at a potentially active dose, the accelerated titration design allows intra-patient dose escalation for a patient who remains on study and has no evidence of toxicity at the current dose ([@bib28]; [@bib35]; [@bib34]; [@bib2]). At each dose level, in addition to the new patients, all continuing patients who survived the previous level are also treated.

Reports of regression of human tumours infected with microbial pathogens dates back more than 100 years ([@bib9], [@bib10]). Since then, considerable effort has been spent in developing wild type or attenuated bacterial strains for the treatment of various types of cancers ([@bib24]; [@bib1]; [@bib11]). The results of these studies have been unsatisfactory given not only the significant toxicity and immune response but also a lack of sustained efficacy. In contrast, redox copper-containing protein azurin, a secretory product obtained from the opportunistic pathogen *Pseudomonas aeruginosa*, appears to be non-toxic and has shown sustainable anticancer effect ([@bib36]; [@bib26]).

p28 (NSC745104) is a novel, synthetic 28-amino-acid peptide fragment of the cupredoxin azurin. p28 exhibits antiproliferative activity in a particular phase of the cell cycle, G~2~--M. This finding is important because a large number of chemotherapeutic drugs work only on cells that are actively proliferating, but not cells that are in the resting phase, G~0~. In mammalian cells, the tumour suppressor protein, p53 has long been implicated as significant in a cell\'s ability to either arrest cell cycle progression or to invoke apoptotic cell death. p28 binds to the DNA-binding domain of p53 and inhibits proteasomal degradation via an HDM2-independent pathway, inducing a post-translational increase in wild type and mutant p53 as well as its DNA-binding activity and elevating the cyclin-dependent kinase inhibitors p21 and p27. These proteins, in turn, reduce the level of CDK2, cyclin A1, and FOXM1 and induce cell cycle arrest at G~2~--M phase ([@bib37]). Thus, it stands to reason that continued prolonged use of p28 could be a model non-toxic therapeutic option for ultimate shrinkage of advanced/recurrent solid tumours resulting in long-term progression-free survival.

This first-in-human study of p28, a novel chemically synthesised 28-amino-acid fragment of the cupredoxin azurin, showed that this agent had evidence of antitumour activity and minimal toxicity. p28 is well tolerated in patients with a variety of advanced solid tumours over multiple cycles of treatment, with increasing doses. Neither an NOAEL or MTD was established, as no significant adverse effects nor toxicity was observed over the course of and following completion of the study. p28 did not elicit an immune response in any patient. There was no clear relationship between dose and any episode of transient nausea. Similar episodes of transient nausea that were unrelated to dose were occasionally seen in Cynomolgous sp. monkeys ([@bib17]), suggesting a long-term tolerability for p28.

The pharmacokinetic behaviour of the tested formulation of p28 is characterised by rapid tissue uptake after i.v. administration, an increased terminal phase half-life, and low interpatient (dose level) variability. The distribution of p28 in the circulation following i.v. administration was rapid with a time to maximum concentration\<10 min and did not increase with dosage above 10 mg kg^−1^ total dose. Systemic exposure increased with dosage, with an essentially linear relationship in *C*~max,~ *t*~1/2*γ*~ and AUC and actual dosage above 10 mg kg^−1^ total dose. However, we observed that clearance (ml kg^−1^ per hour) as well as Vdss (ml kg^−1^) between 20 and 50 mg kg^−1^ appeared maximal at 30 mg kg^−1^ total dose, suggesting that this was likely to be a minimally effective dose, particularly if administered over multiple courses ([Figure 5](#fig5){ref-type="fig"}, [Table 4](#tbl4){ref-type="table"}). This suggests the recommended dose for phase II clinical trials be set at 30 mg kg^−1^ (total dose), which is well within the range to elicit antitumour activity *in vitro* and *in vivo* ([@bib17]; [@bib20]).

Early-phase clinical trials of noncytotoxic (e.g., antiangiogenic) agents in patients with advanced solid tumours can be complicated by several issues. Conventional end points in phase I trials are defined by predetermined toxicity criteria to define an MTD or, more recently, by biological end points to define a biologically effective dose. Single agents with little acute toxicity, administered sub-chronically, may be effective at doses well below the MTD or NOAEL and dose escalations to a MTD may be unnecessary. However, the definition of a biologically effective dose can be difficult if there is a lack of validated biological surrogate markers. This may be further complicated if there is a lack of understanding of its antitumour mechanisms, although this is not the case with p28 as its antitumour mechanisms are well documented ([@bib23]; [@bib31]; [@bib37]; [@bib5]).

There is preliminary evidence of activity of p28 in the patient population in this study, particularly in patients with melanoma or colon cancer, who had a 54-week overall survival that reflects preclinical efficacy data ([@bib3]; [@bib5]; [@bib17]). Although this could be attributed to the inconsistent growth rates of these tumours, all patients had recurrent, refractory, or progressive disease at study entry, and it suggests that p28 is comparable or improves upon results from additional early studies of agents designed to post-translationally increase the level of p53 in patients with advanced solid or haematological malignancies ([@bib29]; [@bib3]).

In addition, there is a clear suggestion that this antitumour activity is not only dose but duration related given that, in general, patients responded to single higher doses as well as cumulative doses of p28 across a wide series of tumour types ([Figure 4](#fig4){ref-type="fig"}). After entry, p28 binds to the p53 DNA-binding domain, leading to an increase in intracellular levels of wild-type and mutant p53 as well as its DNA-binding activity and elevating the cyclin-dependent kinase inhibitors, p21 and p27, inducing cell cycle arrest at G~2~/M ([@bib37]; [@bib5]). As p28 increases the DNA-binding activity as well as the level of mutated p53 (generally overexpressed) ([@bib37]; [@bib5]), there was no apparent relationship between the level of p53 expression and patient response or survival ([Figure 7](#fig7){ref-type="fig"}).

In summary, p28 is well tolerated in patients with recurrent, refractory, and progressive solid tumours at cumulative doses up to 140 mg kg^−1^ over a 48-week period with no immunogenicity or significant adverse effects that led to defining a NOAEL or MTD. Based on RECIST 1.1 criteria, p28 also appeared to have activity in refractory patients as well as two metastatic melanoma patients who had refused prior treatment. Additionally, pharmacokinetics data suggest that in adults a dose of 30 mg kg^−1^ can be administered for a prolonged period without toxicity and possibly with considerable clinical efficacy. An efficacy trial with long-term administration of p28 in advanced solid tumours is being planned.
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![Model for stabilisation of p53 through a formation of p28 : p53 complex. p28 binds to a specific motif within the p53 DNA-binding domain that inhibits p53 proteasomal degradation and stabilizes p53, independently of HDM2. The increase in p53 transcriptionally regulates downstream genes, p21, p27, leading to inhibition of the cancer cell cycle at G~2~/M.](bjc201374f1){#fig1}

![Escalating dose phase I clinical trial of p28 in patients (*N*=15) with advanced, refractory, p53-positive (\>10% cells; IHC) solid tumours.](bjc201374f2){#fig2}

![Lack of immunogenicity of p28 in patients. Serum samples taken after 12 injections of p28 at each treatment level were diluted 1 : 200 to 1 : 25 000 for each assay. O.D. at 450 nm was measured with substrate, PNPP. Values represent the mean±s.e.m. of each patient in three replicates. Pre-treatment control (black), Level 1 (white), Level 2 (red), Level 3 (blue), Level 4 (green), and Level 5 (orange). Standard curve for anti-p28 antibody at 1 : 70 000 dilution was generated by direct ELISA (inset). The 96-well plates were coated with p28 (0, 0.25, 2.5, 5.0, 10, 25, 50, 100, 250, 500, and 1000 ng per well).](bjc201374f3){#fig3}

![**Tumour Response to p28.** (**A**) Best response (%) of target lesions by patient. Before study entry, all patients underwent physical examination, laboratory measurements, and computed tomography scans as baseline. Tumour lesions were accurately measured in at least one dimension (longest diameter) with a minimum size of 10 mm by CT scan. Tumour response and progression were evaluated by Response Evaluation Criteria in Solid Tumours (RECIST 1.1). Complete Response (CR) was defined as disappearance of all target lesions. Partial response (PR) was defined as a 30% or above decrease in the sum of the longest diameters of target lesions, excluding complete disappearance of disease. Progressive disease (PD) was defined as a 20% or above increase in the sum of the longest diameters of target lesions. Stable disease (SD) was defined as small changes that did not meet the criteria for a PR or PD. M=melanoma, C=colon, P=prostate, S=sarcoma and Pa=pancreatic cancer. CR=green, PR=red, SD=blue, PD=black. \*, Alive. All patients with tumour reduction evaluated as stable, PR and CR received either the highest or multiple levels of p28 (RECIST guideline, version 1.1; [@bib13]). Values below each bar indicate the dose level (range) each patient received. ^\#^, progressive disease 28 December 2011, ^‡^, Cancer recurrence 23 July 2012. (**B**,**C**) Representative CT images of the head region (**B**) prior (baseline) and (**C**) post trial completion (dose level 3--5). (**D--F**) Another subject receiving dose levels 2--5 during the trial showed complete regression of an intramuscular nodule (**D**), red circle=target lesion; histological examinations of target lesion in left flank before p28 administration (**E**) and after receiving dose levels 2--5 during the trial (**F**). (**G**) An image of a polypoid metastatic lesion in the proximal ilium that recurred after completion of the study.](bjc201374f4){#fig4}

![Patient overall survival as of 4 December 2012. Survival of each patient was measured from the date the first dose of p28 was administered until death from any cause or last follow-up. M=melanoma, C=colon, P=prostate, S=sarcoma and Pa=pancreatic cancer. \*Alive (green bars). CR=complete response, PR=partial response, SD=stable and PD=progressive disease. Median overall survival: 28 weeks. Range alive: 110--158 weeks, median 140 weeks. Range of date of death (DOD) for deceased patients: 7--71 weeks, Median 19 weeks. Values within each bar represent the dose level (range) each patient received. ^\#^, progressive disease 28 December 2011. ^‡^, Cancer recurrence 23 July 2012.](bjc201374f5){#fig5}

![Concentration profiles of p28 after i.v infusion. Plot of p28 concentration--time in patients receiving increasing dose levels. Serum samples were taken from patients at 0, 5, 10, 20, 30, 60, and 120 min after p28 i.v. infusion. p28 concentration in the serum was determined by LC/MS/MS assay.](bjc201374f6){#fig6}

![**Relationship between p53 status and patient response and survival.** Complete response=green, partial response=red, stable disease=blue and progressive disease=black. \*, Alive. Tissue sections representative of each patient\'s primary tumour were analysed for p53 status by IHC. ^\#^, Progressive disease 28 December 2011. ^‡^, Cancer recurrence 23 July 2012.](bjc201374f7){#fig7}

###### Patient demographics and clinical characteristics

  **Demographic or clinical characteristic**                  **No. of patients**    **Range**  **Median**
  ----------------------------------------------------------- --------------------- ----------- ------------
  Enrolled                                                    15                                 
  Evaluable                                                   15                                 
  Age, years                                                                          47--80    62
  ECOG status                                                                          0--2     1
  **Gender**                                                                                    
   Male                                                       11                                 
   Female                                                     4                                  
  Median number of prior anticancer therapy regimens^**a**^   13                       0--8     4

Abbreviation: ECOG=Eastern Cooperative Oncology Group.

Including immunotherapy.

###### Patient disease and prior treatment

  **Survival in weeks**   **Prior treatment**                                                                                                                                                                                 **p28 dose levels received**   **Disease at study entry**
  ----------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------ -----------------------------------------------------------------------------------------------
  158 (Alive)             Refused                                                                                                                                                                                             2,3,4,5                        Melanoma--- left flank and lung nodules. Stage IV (M1b)
  140 (Alive)             Allovectin-7; GP100 T-cell receptor clinical trial; IL-2; MART-I-F5 TCR clinical trial; RT to posterior neck and base of the occipital for loco-regional recurrence (4500 Gy, 250 Gy per session)   3,4,5                          Left post. Neck lesion; left post-nuchal lymphadenopathy. Stage III (unresectable)
  110 (Alive)             Xeloda/Irinotecan; FOLFOX/Avastin; FOLFIRI/Avastin; Avastin/Erbitux; 5-FU/Leucovorin                                                                                                                5                              Multiple lung mets; retroperitoneal lymphadenopathy. Stage IV
  71                      RT, external beam; Vectibix; Xeloda; Irinotecan; Irinotecan/Exurbia; FOLFIRI/Avastin; FOLFOX                                                                                                        3,4,5                          Bilateral lung mets; pelvic mass. Stage IV
  44                      Refused                                                                                                                                                                                             4,5                            Metastatic melanoma--- lung. Stage IV
  32                      DTIC                                                                                                                                                                                                2,3                            Multiple dermal (subcutaneous) mets; left axillary LN\'s, liver lesion (right lobe). Stage IV
  32                      High-dose IFN; DTIC, BCNU, Tamoxifen, IL-2; adjuvant biochemo; Biochemo                                                                                                                             2,3,4,5                        Multiple liver mets, abdominal and sacral masses. Stage IV
  28                      Nexavar; RT to sacrum; Lupron; Ketoconazole, OEstrogen patch, Leukine initiated; Docetaxel/Bevacizumab; Carboplatin/Etoposide                                                                       4,5^**a**^                     Hepatic mets, multiple bone mets. Stage IV
  20                      RT to right chest and axilla                                                                                                                                                                        5                              Multiple dermal/SC mets; liver and spleen. Stage IV
  17                      Taxotere and Gemzar (2006); Taxotere/Gemzar (2008); RT pelvis                                                                                                                                       1,2,3^**b**^                   Multiple lung mets, large abdominal mass and midline rectus muscle mass. Stage IV
  12                      RT; 5-FU/Leucovorin; Erbitux; FOLFIRI/bevacizumab, CPT-11; S/P radiofrequency ablation; Rapamycin/grapefruit juice; FOLFOX/Bevacizumab                                                              1                              Multiple lung mets. Stage IV
  12                      Elesclomol clinical trial; DTIC; Taxol                                                                                                                                                              3                              Multiple lung and liver mets; bone, abd/pelvis LN\'s. Stage IV
  10                      Ifosfamide, Mesna, and Etoposide; S/P extensive resection; Gleevec; Vincristine/Adriamycin/Cytoxa; Sutent                                                                                           5                              Leiomyosarcoma omentum and mesentery; GIST Stage IV unresectable
  7                       Avastin; Vectibix; Rituxan; Oxaliplatin; Erbitux; CPT-11/5-FU/Leucovorin; CPT-11; Camptosar/5-FU/Leucovorin                                                                                         1                              Multiple lung mets and large right hilar mass. Stage IV metastatic colon cancer
  7                       Gemcitabine and Tarceva; Xeloda/Oxaliplatin; Xeloda/Tarceva                                                                                                                                         4                              Pulmonary, liver, and head of pancreas. Stage IV

Abbreviations: 5-FU=fluorouracil; BCNU=Carmustine; CPT-11=Irinotecan; DTIC=Dacarbazine; FOLFIRI=FOL-folinic acid (leucovorin) and F-fluorouracil (5-FU) and IRI-irinotecan (Camptosar); FOLFOX=FOL-Folinic acid (leucovorin) and F-Fluorouracil (5-FU) and OX-Oxaliplatin (Eloxatin); IFN=interferon; RT=radiation therapy.

Completed 10 out of 12 doses.

Completed 9 out of 12 doses.

###### Adverse events record during study

                                        **Grade**   **Relationship to study drug**                                         
  ------------------------------------ ----------- -------------------------------- --------- -------- --------- --------- ---------
  Pyrexia                                   1                     3                                                  3         1
  Fatigue                                  12                     8                     9        2        12         8         7
  Nausea and vomiting                      48                     6                     1        13       27        14         1
  Diarrhoea                                 3                                                                        3          
  Headache                                  4                                                    2         1         1          
  Oedema                                    3                     3                                                  5         1
  Cough; shortness of breath                4                     3                     3                            3         7
  Skin -- injection site reaction           5                                                              3         2          
  Anorexia                                  3                     6                     2                  3         6         2
  Myalgia                                   2                                                              1         1          
  Constipation                              7                     2                     1                            8         2
  Elevated alkaline phosphatase/bili                              1                     1                                      2
  Alopecia                                  1                                                                        1          
  Ocular                                    3                     1                                                  3         1
  Hyperkalemia                              1                                                                        1          
  Hypertension -- transient                 4                                                    3         1                    
  Hypoalbuminemia                           1                     5                                        2         2         2
  Hypoglycemia                              2                     1                                        2         1          
  Hypokalemia                               2                                           1                            1         2
  Hyponatremia                              1                                                                        1          
  Bacteremia                                                                            1                            1          
  Coagulation -- prolonged INR                                    1                     1                  2                    
  Hypotension -- transient                                        1                     2                            1         2
  Other GI                                  2                     1                                                  3          
  Dizziness                                 9                                                    1         7         1          
  Pain                                      5                     8                     8                            4        17
  Other metabolic                           2                                           1                            2         1
  Urinary                                   2                     2                                                  3         1
  Cardiac -- transient                                            1                                                            1
  Leucopenia                                3                                                                        3          
  Platelets                                 6                                                                        6          
  Vascular: deep vein thrombosis                                                        1                                      1
  Anaemia                                  12                     11                    5                  5        21         2
  Dehydration                                                     1                                                            1
  Oral                                      4                                                              2         2          
  **Totals**                             **152**                **65**               **37**    **21**   **68**    **111**   **54**
  **Percentage**                         **60%**               **26%**               **15%**   **8%**   **27%**   **44%**   **21%**

Abbreviations: AE=adverse event; GI=gastrointestinal; INR=international normalized ratio.

The AEs listed here are all those reported during all courses of treatment and for each visit. For this reason, the total number of AEs is much higher than the number of subjects (15) enrolled in the study. Very often, the higher frequency AEs represent recurring episodes in the same subject and reflect conditions already existing when the patient entered the study. The treating physician did not consider any of these adverse events directly related to p28 administration.

###### Pharmacokinetic parameters for p28 on phase I

                               **Level 1**   **Level 2**   **Level 3**   **Level 4**   **Level 5**
  --------------------------- ------------- ------------- ------------- ------------- -------------
  Dose (mg kg^−1^)                0.83          1.66          2.50          3.33          4.16
  Dose escalation (%)              ---           100           51            33            25
  *C*~max~ (μg ml^−1^)            1.01          6.99          7.68           9.8          13.7
  *T*~max~ (h)                    0.17          0.08          0.08          0.08          0.08
  *t*~1/2~ (h)                    0.144         0.054         0.102         0.107         0.105
  *t*~1/2*α*~ (h)                 0.144         0.014         0.019         0.014         0.010
  *t*~1/2*β*~ (h)                  NA           0.089         0.053         0.048         0.035
  *t*~1/2*γ*~ (h)                  NA            NA         **1.61**      **2.16**      **4.12**
  AUC~last~ (h *μ*g per ml)       0.24          1.32        **1.93**        2.83          3.70
  Cl (ml kg^−1^ per hour)         3430          1259        **1294**        1176          1124
  Vdss (ml kg^−1^)                 547           270         **529**         468           431

Abbreviation: *n*=number of patients; NA, not available.

Pharmacokinetics parameters (*C*~max~=p28 maximum concentration in serum, *T*~max~=time to *C*~max~, *t*~1/2~=terminal half-life of p28, t~1/2*α*~=rapid distribution half-life, t~1/2*β*~=slow distribution half-life, t~1/2*γ*~=elimination half-life, AUC~last~=area-under curve, Cl=total clearance and Vdss=volume distribution at steady state) were calculated from the p28 concentrations in serum *vs* post-injection time. The concentration at 0 min is defined as 0 ng ml^−1^ Bold values indicate minimally effective dose.
